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Mechanosensing of the pericellular environment plays a vital role in regulating diverse cellular functions, including growth, division, differentiation, morphogenesis, and migration [3] [4] [5] . These mechanical cues play key homeostatic roles, and their malfunction is associated with diverse pathological states such as developmental disorders, tumorigenicity and metastasis 6, 7 .
Researchers have recently taken particular interest in the mechano-elastic properties of cancer cells, showing that cancer cells tend to be softer than benign cells 8 . This same correlation can also be used to distinguish between metastatic and non-metastatic cancer cells, metastatic cells being softer still 9 . The naïve explanation for this correlation is that cell compliance and deformability promote invasion and metastasis by enabling cells to pass through narrow tissue barriers 9 .
The cytoskeleton, consisting of microfilaments, microtubules and intermediate filaments (IFs) is the cell's major stress-bearing component, determining its deformability in response to external forces. Microfilament and microtubule networks are primarily composed of F-actin and tubulin, respectively, while the building blocks of IFs comprise versatile groups of proteins that are expressed in a highly tissue-specific and cell type-specific manner 10 . Thus, epithelial cells express diverse cytokeratins, muscle cells express desmin, nerve cells express neurofilaments, glial cells express the glial fibrillary acidic protein, and mesenchymal cells express vimentin 11 .
Vimentin is also upregulated in epithelial cells undergoing epithelial-to-mesenchymal transition (EMT) 1, 12 , alongside downregulation of keratin IFs [13] [14] [15] . During EMT, epithelial cells also lose their apical cell-cell junctions and, consequently, their apical-basal polarity, thereby acquiring a migratory capacity, and other mesenchymal characteristics 12 . EMT, which is essential for fundamental developmental processes such as embryogenesis and organogenesis, is also involved in malignant transformation, enabling tumor cells to invade surrounding tissues and eventually form distant metastases 12, 16 .
The cytokeratin-to-vimentin transition is one of the most prominent and functionally significant processes associated with EMT: this switch underlies the reduction in cell stiffness, an increase in deformability, and augmentation of invasive migration 7, 17 , all hallmarks of malignant transformation 18 . The direct involvement of vimentin in cell migration and invasiveness is supported by the demonstration that its overexpression in the vimentin-negative, non-invasive MCF-7 breast cancer cell line alters the integrin profile in the cells, and increases their invasiveness 19, 20 . Moreover, vimentin expression in epithelial cells induces cell elongation, and loss of cell-cell adhesion 2 .
Ample evidence linking vimentin expression to metastasis raises several intriguing questions:
What is the mechanism underlying the effect of vimentin on cell migration? Does vimentin directly modulate the migratory machinery of the cells, or is its effect indirect, altering the cell's response to environmental cues?
Using direct physical characterizations, we demonstrate that vimentin expression, combined with cell density, regulates the mechanical properties of MDA231 cancer cells, resulting in their invasive phenotype. The cell density dependence underlying vimentin's effects would suggest that vimentin expression mediates physical and environmental cues, rather than merely affecting the cell motility apparatus. Although some studies show a positive correlation between cell deformability and metastatic potential (migration rate and invasiveness) 9, 21 , this was not the case with MDA231 cells. We demonstrate that despite being softer than control MDA231 cells, Information), with the vimentin being scattered throughout the perinuclear area (Fig. 1B) .
Notably, the tubulin and actin cytoskeletons remained largely intact in the MDA231 vim-cells, similar to those seen in the MDA231 parental cells. Western blot experiments quantitatively confirmed the knockdown of vimentin and, moreover, that the actin network was unaffected (Supporting Information, Section I). In contrast, the cytokeratin cytoskeletal network, which was widely distributed throughout the cytoplasm of MDA231 cells, collapsed into the perinuclear region in MDA231 cells lacking vimentin (MDA231 vim-), as shown in Fig. 1A .
In the second cell line studied (MCF7), the cytokeratin organization in parental cells forms a typical cage-like network. Following induction of vimentin expression by doxycycline over a 24-hour period (MCF7 vim+ ), an extensive vimentin network formed, and the perinuclear keratin network was radically transformed into an extended filamentous structure distributed throughout the cytoplasm (Fig. 1C-D) . These results indicate that vimentin expression leads to the dispersal of cytokeratin filaments into the cell periphery. Furthermore, in vimentin's absence (e.g., in epithelial cells, which do not naturally express vimentin, or in cells which underwent EMT and were induced to undergo vimentin knockdown), the cytokeratin network mainly centers around the nucleus.
Vimentin knockdown also reduced the projected area of focal adhesions (FAs), visualized by labeling the cells for several FA-associated proteins (α-actinin, zyxin and vinculin; see Fig. 1E ).
In addition, we found reduced levels of Snail1 mRNA (Fig. 1F) , a transcription factor involved in downregulating E-cadherin and claudins, and upregulating vimentin and fibronectin during EMT 24 . Surprisingly, N-cadherin mRNA levels are increased in vimentin knockdown clones, even though N-cadherin mRNA is associated with EMT and metastatic potential [25] [26] [27] . The mRNA levels of other EMT markers; e.g., fibronectin, HMGA2, Zeb1 and Slug, were not significantly altered following vimentin knockdown. Additional experiments using an MOS confirmed that the vimentin-deficient cells are more compliant (Fig. 2B ). In the MOS experiments, the entire cell is stretched, and its overall response to the strain is measured. (Fig. 2C) , and that cell velocities are exponentially distributed for both cell lines (see Supporting Information, Section II).
Another assay commonly used for assessing cell migration is a "wound-healing" experiment.
Briefly, a scratch is mechanically inflicted on a confluent monolayer of cells, and the rate of wound closure is measured. The parameter that is measured here is collective, rather than single-cell migration. In these experiments, the difference between MDA231 and MDA231 vim-cells was profound (unlike the migration rates in sparse cultures), with the MDA231 cells closing the wound 50% faster than MDA231 vim-cells (Fig. 2D) . Notably, we found no difference in proliferation rates between the MDA231 and MDA231 vim-cell lines, ruling out the possibility that the difference in wound healing rates could be attributed to differential proliferation (Supporting Information, Section III). Additional migration and invasion assays, which measure the transwell migration of cells plated at high density on filters coated with basement membrane matrix proteins, support this finding; namely, that depletion of vimentin hinders the migration of densely-plated cells (Fig. 2E) .
Notably, in these assays, the number of cells which successfully migrate through 8 μm pores was
counted; yet despite the fact that MDA231 vim-cells are softer, and thus should be able to deform more readily, they were slower to migrate and invade the matrix and filter. Our high-density migration assay findings are in agreement with previous reports showing that vimentin enhances densely-plated cell migration rates 18, 28 .
(but not sparse cultures) is highly dependent on vimentin expression. Given this sensitivity to culture density, we monitored single-cell motility as a function of cell density by tracking the cells' trajectories in an extended time-lapse microscopy image series. In our analysis, we drew a distinction between two density quantities: global density; i.e., the number of cells captured within the field of the view; and local density ( ), which encompasses the cell's "nearest neighbor" cells, within a range of about two cell diameters (see Supporting Information, Section IV for further details). proximity. However, the difference between the cell lines was found to be rather minor (see Supporting Information, Section V). Notably, even at high density, both cell lines did not form permanent clusters, but rather were found to migrate individually. Results from our infiltration assays indicate that the motility-density dependence of MDA231
and MDA231 vim-cells is not specific to environments involving cells of the same type; rather, that the motility of MDA231 vim-cells is impaired in any dense cellular environment.
The experimental results presented in this study show that variations in vimentin levels can alter both the rigidity and the motile behavior of breast cancer cells. However, in contrast with previous reports 30 , our findings demonstrate that while the expression of vimentin does not significantly alter the migration of sparsely-plated MDA231 breast cancer cells (Fig. 2C) , it significantly enhances the collective migration of densely-plated cells (Fig. 2 D-F) , suggesting that cell-cell interactions play key roles in regulating migration 31, 32 . Reduced intercellular adhesion in vimentin-expressing cells may also result from an indirect effect of vimentin expression on keratin reorganization (Fig. 1A) , and consequently on desmosome formation 35 . Danuser's group further demonstrated that vimentin stabilizes the microtubule network, thereby enhancing persistent migration 36 , a phenomenon that might be related to the enhanced persistence time we observed in vimentin-expressing cells (Fig. 4) .
Another proposed mechanism of vimentin-dependent regulation of cell motility might involve its modulation of the Rac1/RhoA pathway 37 , which plays a key role in switching between mesenchymal and amoeboid types of cell migration 38 . Recently, vimentin has been shown to enhance Jagged-mediated Notch signaling 39 , which promotes tumor invasion and metastasis 40 .
Obviously, some or all of these mechanisms might function in tandem. These previously published studies are in line with the results presented here; yet they do not explain the unexpected dependence of migration rates on local culture density, as presented for vimentin-expressing and knockdown cells.
Given the huge complexity of the processes regulating cell migration and invasion, we wish to propose an alternative, purely physical mechanism underlying vimentin-dependent motility-cell density relationships. Since vimentin knockdown softens MDA231 cells ( Fig. 2A-B) , MDA231
vimcells are, by definition, more susceptible to deformation by external forces. Therefore, each migrating cell from an MDA231 vim-culture can easily deform its neighboring cells, rather than reorienting to conform to a vacant intercellular space (see Fig. 6 for a schematic visualization).
This characteristic can impair MDA231 vim-cell migration under conditions of high cell density, as we indeed observed experimentally. Furthermore, this susceptibility to deformation can account for MDA231 vim-cells' loss of polarity, and thus direction of movement, faster than MDA231 cells (Fig. 4) . As cells constitute active systems, interactions between cells can give rise to non-trivial dynamics, as also discussed in the context of density-dependent motility 32 . Ultimately, differences in migration speeds of vimentin-containing and vimentin-lacking cells would not be detected at low densities, where cells rarely interact with their neighbors. vim-cell can deform surrounding cells, rather than reorienting itself and migrate towards a vacant space.
Moreover, in this study we ruled out the possibility that a coherent mode of migration is a distinguishing trait between the cell lines (Supporting Information, Section VII). Thus, motility of MDA231 cells is enhanced by their neighbors in a manner unrelated to coherent movement (i.e., pulling each other in a common direction). These results indicate that neighboring cells enable each other to develop higher velocities, regardless of their locomotion direction. It should be noted that the average velocity of MDA231 cells does not increase with elevated plate density (Fig. 2F); therefore, additional mechanisms must exist to keep the average velocity at similar values.
Previous studies have shown that the rigidity of a cell's environment affects various cellular properties, motility among them [41] [42] [43] . However, the reference to "environment" usually focuses on the ECM. The results presented here show that mechanical cues from neighboring cells can play key roles in environmental signaling. Consequently, the mechanical properties of cells play a dual role as both sensors and inducers of mechanical stress. A body of evidence indicates that increasing substrate stiffness slows the rate of cell migration 3, 41, 44 , rendering the analogy between the mechanical properties of neighboring cells and those of the underlying substrate non-trivial.
Tumor growth can produce compressive mechanical stress 45, 46 that has been shown to elevate the rates of motility of malignant cell lines, including MDA231 47 . Density-enhanced motility for the PC-3 prostate cancer cell line was also previously reported 48 . Interestingly, the PC-3 cell line also expresses vimentin, similar to the MDA231 system we studied here. Further research is still needed to evaluate whether the phenomenon of density-velocity correlation in cells is, indeed, widespread, and whether it could originate from sources other than vimentin expression.
In summary, our investigations into the effects of vimentin on cell mechanics and, consequently, the cell's migratory and metastatic potential serve to convincingly illustrate the influence of cell environment on cellular behavior. Our results suggest that the rigidity of the surrounding cells affects the motility of the single cell. Future research should illuminate the mechanical dynamics between cells as they migrate individually; namely, by probing inter-cellular forces and the resulting deformations. There are many interesting biological principles that may be gleaned from such dynamics. Here, these principles give rise to cell density-dependent velocities, as previously reported in other contexts 31, 32 removed, and the area between the wells was subjected to live-cell imaging, with 15 min intervals between frames, for a total of 64 hrs, using a 10X0.3NA objective.
After obtaining the time-lapse images, the leading edges of the MDA231/MDA231 vim-and the stroma monolayers were detected. Each channel was converted to a binary image by thresholding.
Image intensity was binned to slices in the horizontal axis. The leading edge of the MDA231/MDA231 vim-monolayers was defined as the rightmost slice with an intensity greater than 10% of the maximum intensity, and the leading edge of the stroma was defined as the leftmost slice with an intensity greater than 50% of the maximum intensity.
Generation of stable vimentin knockdown MDA231 cell clones.
We knocked down vimentin in MDA231 cells (MDA231 5′-GGAAGAGAACTTTGCCGTTGA-3'; the loop sequence between the sense and antisense sequences: 5′-TTCAAGAGA-3'.
The shRNA sequences were cloned under control of a U6 in a pLL3.7 backbone. Viral particles containing either pLL3.7-shVIM or pLL3.7-puro (control) were prepared, and parental MDA231 cells were infected with one of them. Following selection with puromycin, single-cell clones were isolated, and reduced vimentin expression was verified (Figs. 1B, S1 ).
Generation of induced vimentin expression MCF7 cell clones.
We successfully generated platform (Roche Applied Science) was used. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Glucuronidase Beta (GUSB), and Glucose-6-phosphate dehydrogenase (G6PD) were used as housekeeping genes. Gene expression levels were calculated using the 2−∆∆Ct method.
High-throughput cell deformability measurements using a microfluidic optical stretcher.
Measurements of cellular deformability were performed using the microfluidic optical stretcher Comparative analysis of population measurements is performed using the parameter-free bootstrap approach 3 , which relies on calculation of sample means and corresponding confidence intervals of empirical cell deformability distributions. In our previously published study 4 , drug-treated actin-and vimentin-deficient NK cells displayed, on average, 41% and 20% higher optical deformability, in comparison to untreated control populations.
Statistical analyses.
For the velocity and MOS data, confidence intervals were calculated using the bootstrap method 3 . As the cell tracking experiments showed great variability in cell velocities, median bootstrapped distributions were simulated by pulling an equal amount of data points from each experiment. Statistical significance for AFM data was established, using the Mann-Whitney U-test. P-values for Western blots and proliferation assay data were calculated using the Student's t-test. Box charts (e.g., Fig. 2A ) display the 25th-75th percentiles in the box,
I. Western blots for vimentin knockdown
To quantify the effects of vimentin knockdown on protein expression by the shRNA vector,
Western blots for vimentin and actin were performed (Fig. S1A) . The knockdown of vimentin was successful, decreasing its expression by 2 orders of magnitude (Fig. S1B) . Actin expression levels did not change significantly (p=0.41, Fig. S1C ). 
III. Cell proliferation rate
Differences in division rate between the MDA231 and MDA231 vim-cell lines could impact assays such as the wound-healing assay, where a faster division rate could enable cells to reach confluency in the wound. Therefore, XTT-based proliferation assays were performed. Our results rule out such differences, indicating that no significant difference exists between the two cell lines (Fig. S3) . 
IV. Local density calculation
In order to capture the density heterogeneity within a plate, we calculated the local density at every point. The local density can be thought of as the sum of additive fields ( ) generated by each cell, being the distance of each cell from the point. ( ) should decay to zero at a large distance from the cell; the relevant calculation (see also Fig. S4 ) is described by the equation:
Here, we use = 50 , which is approximately one cell diameter. Thus, the local density at point ⃗ can be calculated as:
where the summation is over the entire population of cells within the frame, ⃗ ⃗⃗ being the coordinate of each cell. Figure S4 . Local density field. Local density field, for a cell located at a distance r from the considered point. The local density field saturates at = 50 (approximately one cell diameter), and decays to zero at = 100 . The local density at a point is the sum of the fields generated by all cells within the frame.
V. Arrangement of cells at high density
The arrangement of cells in a plate can be evaluated by the pair-correlation function, defined as:
Here, for each cell we sum over the rest of the cells distanced at , is Kronecker's delta function, and is the radial coordinate, with the chosen cell set as the origin. Thus, the number of cells in the annulus ≤ ≤ + around the center cell is obtained, and it is normalized by the annulus' area (2 ) . A further time and ensemble average, denoted by < >, is performed over N center cells for the total V imaged area. As shown in Fig. S5, ( 
VII. Coherent cell motility
Coherent cell migration can enhance cell motility in dense cell cultures 6 . Merely reorienting toward a coherent direction of migration prevents neighboring cells from obstructing each other's movements. Therefore, one hypothesis we considered is that MDA231 vim-cells lose this capacity to some extent, impairing their motility at high density. However, searching for signatures of coherent migration by means of flow field analysis described by Szabó et al. 7 (see Fig. S7A for a schematic explanation) shows that coherent migration is very short-ranged (in terms of distance), and similarly weak in MDA231 and MDA231 vim-cell lines ( Fig. S7B; Fig. S8 ). These results imply that cells of both cell lines migrate individually, without correlation with their neighbors' movements, and that inter-cellular cooperation does not constitute a distinctive factor between these cell lines. show the edge layers, as detected automatically by an algorithm.
